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AN INVESTIGATION OF AIRCRAFT HEATERS
XXIV - THE HEAT METER IN THRE TRAKSIEZNT STATE
FOR UNIDIRECTIONAL HEAT TRANSTER

By L, M. K. Boelter, H. F. Poppendlek,
R, V. Dunkle, and J. T, Gler

SUMMART

This report describes the behavior of the heat meter
when 1t 18 used in thermal circulte which are under the 1in-
fluence of translient potentlials, The transient heat trans-
fer syetems considered are as follows:

I. A heat meter suddenly placed upon a hot surface

II. A heat meter mounted upon the interlior surface of
the cabln wall of an uninsulated alrplane, which
i1s climbing through alr of decreaslng temperature

III. A heat meter mounted upon the interior surface of
the composite cabin wall of an lnsulated ailr-
plane, which 1s climbing through alr of decreas-
ing temperature

Analytlcal and graphical solutlons for cases I and II
are pregented. The analytical solutions were derived for
1deallzed systems composed of lumped resistances and capac-
1tances; the graphical solutlions were effected by the Schmidt
method (apvendix A). In general, good agreement was obtained
between the analytical and graphleal solutions.

The solution of the differential equations which accu-
rately describes a composeite thermel system of distributed
roeslstances and capacitances 1s difficult bo obtain; thus,
for case III only the graphical solution 1s presented.
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This report is intended to show how analytical and graph-
ical solutions for the transient state can be used to inter-
pret the results obtained when heat meter readings aro taken

.during -the ¢limb-of-an ‘airplane. The ‘solutlons presented nay

not be directly applicable to a particular problem; howvever,
the technigues used should serve as a gulde for analysing
gimllar problems.

INTRODUCTION

In previous reports (references 1 and 2) théd heat meter
has been desorlibed and steady etate added olrcult resietance
and temperature corrections are pressnted thereln, This re-
port contains an analysls of tho heat metoer when 1t 1s used
in transioent hoat transfer systems; the effect of added cir-
cult reslstance and heat meter temperature corrections will
not be conslidered for the transient state. In some thermal
systems the temperature potentiale are functions of time,
Knowledge rzgardlng the manner in which the heat meter re-
sponds to transloente 18 therefore necessary. Analytical and
grapnical solutions for the tranesient state can be used to
Interprot the results obtained wlken hoat moter readings are
taken during the clinmdb of an alrplane. The solutlion of the
dlfferentlal equation which accurately describes a composite
thermal system of dlstributed reelstances and capacitunces?
1s d1fficult to obtailn, An 1dealized thermal system consigt~
ing of lumped reuistances and carveclitances™ readily yioclds to
descrlption through a soluble dlfferentlal equation., The
dlstributed resistances should be small compared to the ther-
mal reslstance of the remalnder of the circuit in order to
obtaln good approximations with thlis method. In the case of
& heat meter mounted upon a wall, the method conslets of
treating the wall as a lumped capaclitor located at the center
of the wall instead of a dilistributed capacitor. The thermal
reslestence of the wall 1e considered to be divided equally on
both sldes of thie central capacitor. Similarly the capac-
ltance of the heat meter 1s lumped as a single capacitor at
the center of the meter, and the thermal roeosistance of the
heat meter 1s split equally to both sides of this capacitor.
The Schmidt graphical method of solving a transient system
should be used when the system contains a relatively large
amount of distributed resistance and capacitance or when. the
temperature potentials or some of the circuilt reslstances

*Distributed and lumped resistances and capaclitances are
dlecussed in apvendix C.

-
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vary in somo irregular manner with time; as under these con-
ditions the differential equation describing the system be-
comes unwleldy.

- - -

This program of research in the Spectro-Radiometric
Laboratory of the Department of Mechanical Engineering of

the Univereity of California was conducted under the sponsor-
sllp and with the financial assistance of the Natlonal
Advisory Commlittee for Aeronautics.

The authors wish to express their appreciation to Messrs.
W. P. Berggren and E, H. Morrin for their assistance in pre-
paring and checking this revort.

SYMBOLS
A area through whlich the heat is belng transferred, . fta
ft2
a thermal diffusivity, vy
o, 1/2 thermal. capacitance of heat meter, %%?
Cn thermal capacltance of Leat meter, %&?
¢ Btu
- thermal capacitance of wall, =y
Btu
Cp hoat capaclty, — =
1 °F
e base of natural logarithms
fo unit thermal convective conductance, ——JEE%—E-
hr £t F
Btu
k thermal conduetivity, 575
hr £t° ("F/ft)
L a slgnificant dimension in equation (8), ft
D,,0,5,0;,n, constants obtalned by simplifying equations .- -
(see appendix B)
ay heat flow from airplane interior into heat meter, 235
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Qg hoat flow from heat meter into alrplane wall, ?;?
- S heat. flow from -airplane- wall to outside alr, %&g-

qy Trate of heat transfer through heat meter, %ﬁ?

qnm rate of heat transfer through heat meter at steady state,
Bty
hr
R, 1/2 hoat meter resistance plus hoat meter-alr interface,
SF hr
Btu
°FP hr
Ry alr gap resistance plus 1/3 heat meter resistance, T
0
F hr
Rg 1/3 heat meter resistance, st
Rg 1/3 heat meter resistance plus heat meter-air interface
reslstance, —ZX br
Btu
Rg 1/2 heat meter resistanceoplua contact resistance plus
1/2 wall resistance, -1 BT
Btu
R, 1/2 wall resista%ce plus outslde alr-wall 1nterface
resistance, ¥ hr
Btu
T absolute temperature of air, or

t,,t; the temperatures of the hot and cold Junctions of
the heat meter thermopile, °F

t heat meter temperature at midsection, op
t surface temperature, op
up true alrplane speed, ft/sec:

a defined by equatlon T3 = T, - OB, ol‘/hr

Y welght density, 1b/ft°

_-I- I N SR
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AS time increment between steps 1n graphical method, hr
Ax dlstance increment, £t

€ time, hr

T, anblent alr temperature, °p
Ta alr temperature outside plane, °f

Te 8lr temperature inside cabin (constant), °F

Btu
fr equivalent unit thermal conductance for radiation,.i;—??rsi
f unit thermal conductance due to radiatlon and convec-
tion, -—2bU __
' nr f£t2 Op _
o
R alr gap resistance plus 1/2 heat meter“raiiatance,.»—%zﬁl

THERMAL SYSTEXS AND SOLUTIONS

I. A Heat Meter Suddenly Placed upon a Hot Surface

A heat meter initially at alr temperature, T, 1is8
suddenly placed agalnst a hot surface. The time-temperature
history of the heat meter under these -conditions 1s.desired.
The thermal system conslats of a hot surface, an alr gapv
(contact rosistance), the hoat meter, and.a unit thermal cone
ductance due to corvection and radiation (heat meter-air
interface resistancse). ZExperimental date werc taken for“~the
above ocondltions, Initielly the. temperatures of the alr, heat
meter, and alr- gap were at 78° ¥, while the .temperamture of the
hot surface was at 122.89 F., A thermocouple located.under .the- :
"first lamlination of the heat meter-was used to obtain a time-
temperature history of the heat meter (shown-in fig. 1). Tha
temperature of the hot surfaca.lncreassed -slightly after-the
heat meter was-placed-upon the surface.. At pteady.state the

unii-tharmal conductance (£, + fy) was experimentally deter-
mined to be 2 Btu/hr £t °F, The propertias .of_the.elements
in the thermal. eystem are as indicated in table I, The prod- .

uet Ycp for alr is-small_and caa be considored -to be .zero
in the alr gap for .-thils system,
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A, Analytlcal determination of the time-temperature
hilstory o heat meter dden lgced on hot purface.
.A- -t ‘The Systom ot
d - ' 27T T TN R
/
Air AN/ }V VvV
/gap Alr '
/| bd I |
twi . T 1 tm |
s i | -
- tw l cm—: | 1
e [_ l i i
7 Haat neter | i
Whlk, ' : |
VY ] ]
~N__ ___
Heat moter
Btu
Cn thermal capaciltance of heat meter, S5
7 1/2 OF hr
1 /2 kheat meter resistance plue surface resistance, e
°F nr
R, alr gap resistance plus 1/2 heat meter resistance, oy
u

tnm avereges heat mneter temperature, °p
t, hot surface temperature, op

6 time, hr

T, anmblent sir temperature, °z

Equating the heat flow from the wall to the meter to the
rate of heat storage 1n the meter plus the heat flow from the
meter surface to the surroundings zpostulating unldirectional
flow; 1.e., heat flow from edges = O)

————— T cm L
Ba dB B-J,

(1).

or
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R t
cm at R‘,l + 3> n = Y 1_]_._ (2)
ae RIRQ RB R:I.
or
dty
\ —Ee-- + Ptm = Q : (3)
wvhere

1 (R + B Sy o T2
peg (3. eegmGreR

The so%ution of the differential equation (3) is (see refer-
ence 9):

tm=9=+(1_%)e"*”° (4)

Hy

Substituting for P and Q

+ R
%, T t By )_e_
Rv+31> <Hw+ >| B, Rg / Og
tp = —8— 1% 4| T, - B2 . "1 :
R:L L J Rz) __!_ + Ra
R; By R; Rp
or . _
" R <31 + Ra) 9:>
-7 _ S st T Y. I
m 1 1
_n_ 1 1 - R, R ] 5
‘bw - T, = R:, + Ry ( ° L m (5)

R, R

vhere —i——é—gﬂ is a time constant which 13 a function of
R, + R

the heat meter resistance and capacltance and the alr gap and

heat meter-alr interface reesistance.

Thias equdtion represents the temperature-time history
for a heat meter suddenly placed on a hot surface of constant
temperature. The results are tabulated in table II and plot-
ted together with experimental pointe in figure 1. The dis-
croepancy between the expsrimental and calculated polnts 1e
mainly due to the fact that the hot plate temperature . .-
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increased eslightly dne to the increased thermal resistance
added by the heat meter.

. . B, Graphiocsl -determination of the tire-temperature
higtory of a heat meter guddenly placed upon a hot surfage,
Figure 3 exhibits the Schmidt solution of the time-~-temperature
hlstory of a heat meter suddenly placed upon a hot surface,

An explanation of the Schmidt technique for solving translent
heat transfer problems is given in appendix A, The time-
temperature hlstory at a polnt inside the heat meter where the
thermocouple 18 located is taken from the Schmldt solution,
figure 2, tebulated in tadle III, and plotted with the exper-
imental data in flgure 1, The deviation hetween the experi-
mental and Schmidt time-temperature histories 1s seen to be
negligible. Ixperimentally 1t took 2.1 minutes for the tem-
perature of the heat meter to reach 95 percent of the steady
state heat meter temperature. The time required for the temn-
perature of the heat meter to reach 95 percent of the stoady
stateo heat meter temperature as determined by the two methods
1s tabulated below.

Experimental result Analytlcal resulst Graphical result
{mnin) (nin) (min)

2.1 1.4 2.0

C, Anglyticnl determination of the time-~-hegt flow
higtory of n hoat meter suddenly placged on hot gsurface.
When the capecltance of the heat retsr 1s lumped into two
capacitors the following equation of heat flow through the
Leat meter as a functlion of time resnlts:

- — __qut_mg.tg_ —_ - ——
R
T\/\'W—WVV V’V\r—"—'\/\/{l\/\Fj\’\/—
L | J
| | l
' - "

The ratio of the heat flow through the heat meter 'at any
time § to ths steady etate heat flow (g = infinlty) 1e
given by
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n; §
_%]L,:l_,_[ s _, Ba+ R+ By °
Y ni - n3 (ny - nz) Cy Ry By
f N - T A +a- ‘n e-----.-_ - -
ny - N, (ng - nl) 6, Ry B,

The method used in solving tﬁia equation and the defini-
tion of the terms 1n; and nz aro given in appendix B.

¥hen the values =n,, n,, B,, By, By, O0,, and © are
evaluated for thls particular case, the following results:

ax ~153 6 -22508

—— =1l + 4,13 o -~5.13 o (?)
W,

Table IV and figure & exkhibit the time-hoat flow history
of the hoat metsr &8s given by equation (7).

D, Graphical detsrmingtion of the time-~-heat flow
history of a heat meter suddenly placed on a hot surface,-
Bocauge the Schmidt method ylelds the tomperature throughout
the heat meter as a function of time, the temperature dlffer-
ence moross & flxod resistance in the heat metenr (as measured
ty the heat meter thermonilsn) ise known as a function of time,
Tho heat flow-timo history of the heat meter calculated from
the drop in tenmnperature across the fixed resistance as ob-
tainod by tho Schmidt msthod is tabulatcd in table V and
Tlotted 1n figure 3. The Schmidt methnd reveals that the
heat flow througzh the heat meter 1s wilthin 5 percent of the
steady atate heat transfer rate after 1.4 minutes, while the
analytical solutlon yields 1.7 minutes.

II. Transient Behavior of a Heat Meter Mounted upon the Inaide

of an Uninsulated Cabin Wall of an Alrplane in Flight

An airplane leaves tke ground, flying at the rats of
146 foot per second with respect to the still alr, and at an
angle of 20° with the horigontal. Thus the vertical rate
of cllmd 1s 50 feet per second. The airplane climbs at
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thie rate for 9% minutes, at which time an elevation of
27,760 feet has been rsached., The temperature of the still
alr on the ground 1e 600 F, whkile at an elavatlion of 27,750

... -faat--1%- 18-~400 F, Some of the atmospheric  data at differeant

elevations are tabulated in table VI. (See reference 3.)

How long must an alrplane fly at 27,750 feet, after having
attained that elevation, before the rate of heat transfer
through the heat meter mcunted on the irslde of the cabin
wall 1g within 5 percent of the steady state rate of heat
transfer?t As the alrplane c¢limbs, the air temperature, alr
densisy, -and the outsids unit thernsl convective conductance,
vary. The average unlt tkermal convectlive conductance be-
twesn the alr and the outside of the cabin wall may be ox-
prossed as (of. reference 4):

0.8
£, = 0.64 m°'“(Eg—l:; (8)
L

The significant dimension chesen in this case is 6 feet.

(tThe significant dimeneion I 1in equation (8) 1s the length
of a flat plate over whiclk the averages unit thermal convec-
tive conductance 1s deeired. &Ln average unit thermal convec-
tive conductance over a 6-foot lensth was obtained.) By us-
ing the data tabulated in table VI (reference 3), the unit
thermal convective conductanco 1g canlculated as a funetlon of
elevation and time of flight as rhown in table VII. The
propertlos of the elements of the trermal system are as indi-
cated 1n table VIII, The unit thermal corductancs due to
coavection and radiation on the inslde of the cabln 1s postu-
lated to te 1 Btu/hr £t° °F,

A, Anelytical determination,

Symbols
B, integration constant
a congtant defined in equation (B7)
B, integration congtant
L constant dsfined in equation (28)
c constant deflned in equation (B9)
n,,n, oconstante defined in equation (B11)
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R,

first lumped thermal resletance, inside surface resist-

ance plus 1/2 heat meter resistance, o?/%ig-

second lumped thermal resiataﬁce. 1/2 heat meter resist-
ance plus contact resletance plus 1/2 wall resistance,
Btu
op /2%
l'/ hr ’

average wall temperature, °F

\ (o] )
coefflelent of temperature drop with time, EI = constant
r
The System
Air
&ap Outside air
Cabin air k‘f ty, Ty = T, - a8
Tc il h weieteparcacippe - ——
9 92 9%
| ty and ty ere
| located at the center
Heat of ths vall and heat
reter metor, respectivaly
IS\
Cabin
wall
Thermal circult
_8 T T TN %) /—"_\I 93
VN AW VY
By ' i B ! Ry
bty | | by :
T b= . - T
o C T T 2
. ]
|
I I l 1
i oy
i 1 ]
N 7/ N /

Heat moter Cabin wvall
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The outsglde ailr temperature, T3z, varies linearly with tims
and may be expressed as Ty = Tg - G8. (o 18 a constant.)

‘~The ‘complete analytical solution is contained in ippen-
dix B. The dlfferential equation obtained 1is:

2
On O 2% 4 [on(Zet Er) 4 o, (B2t Re)] 2ty

ae Re R7 Ry Re a6
+(.31 + Rg + R-;) by =(_31 + Bg + R-;) T, .98 (9)
31 Rg R, B]_ Rs Re Re R~

(This equation and equation(B6) in appendix B are identical.)
The rate of heat transfer through the heat meter as a func-
tion cf time is

Gy = ae - 'ba.B.lReB.-;_'_ Cn @ B,
M R, + Bg + By (By + R + Bp)° 2(By + Be + Ry)
n;;e
_ a e [1+_b_n4RleR.,_cmR:n:]
(n; - n.;,)(R]_ + Re + R.-’) R:_ + RB + 37 2
ng b
a 6 4 [1 + b ns R1 P.e RI? cm Rl ns-i (10)

(ng - n3)(R; + Bg + Rg) R, + Rg + Ry 2 J

(Thie equation and equation (B26) are identical.)

Tho physical meaning of thls equation can be explained
as follows:

The first term represents the heat flow 1f a steady state
18 reached at each polnt, The second and third terms together
ropresont the lag 1n hsat flow readling due to the capacities
in the system, after the effact of the initlal conditlions has
vanighed. The last two terms renroesent the effect of the 1inl-
tial conditions. The whole equation represents the heat flow
as read by the meter as a functlon of tims.

The numerical evaluation of this equation is plotted in
flgure 4 and the calculated valuasg are given in table IX,
Threc curves are present in figure 4. Curve I showe the heat
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flow through the wall without the heat meter 1f a steady
state 18 reached at each elevetion. Curve II gives the heat
flow reading which would be indicated by the heat meter if a
- gteddy stdte were reached at each elevation. OCurve III gives
the heat flow as read by the meter under the assumed condl-
tlone. In flgure 8 the calculated values of heat flow are
vlotted wlith the values obtalned by the Schmidt method, The
greatest dlfference between the two curves 1ls due to the fact
that an average thermal resistance between the outeide alr
and the wall was employed for the analyticsal soclution; where-
ae, for the graphical solution,the appropriate variable re-
slstance was used,

The equatlions (9) and (10) apyply to the climbing air-
plane, but the heat flow curve after the ailrplane levale off
1s also plotted. The differential equations and solutlion
for thls case are nearly ths same es before, the difference
being that Tg 18 now constant. The inltial conditions are
chosen at t2e i1nstant the plane levels off, The solution 1s:

ny P n
q}&p+3363 +B4e46 (11)

Qu

where 3Bs and B, are deterrzined by the heat flow conditions
at the lnetant the plane levels off. hen the appropriate
values are substituted, trke recultant equatlion 1ia:

-43535 ¢ 6-55.5 6

= 87.0 - 4.13 o + 28.83 (12)

9y

The calcrlated values of heet flow are given in table IX erd
are also plotted in figure 4 and represent the part of curve
ITII for values of time over 0.155 hour. It 18 seen that
after levellng off, it takes approximately 0,03F hour, or
2.1 minutes for the heat meter reading to reach 5 percent of
the steady state value.

B, CGraphical determination.- The Schmidt solution of the
tlne-tonperature history throughout a heat meter which was
attacted to the ineide of the wall of an elrplane in flight
was congtructed in the following manner, Firet, the thermal
resl ~tances of the circuilt elerents of the system were repre-~
sented br a convenlent secale. Next, the inltial temperature
dlstritmtion was 1ndicated. Sincae the thermal resistance of
the cabin wall was negligible, 1t was repfesented by a line
on the Schmidt solution., The thermal capacltance of the alr
gav was small and neglected. Tkus the temperaturs gradient
for a particular time increment was constant acroses the air
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gap. The heat meter was divided into one elad only as the
temperature gradienf was rather small. Since Ax = 0.004 foot
and " & = 0.00264 ft /hr, the time increment was

a .
Ax® _ _0.004% _ _ (5 00303 hour or 0.18 minute. The outside
2a 2(0.00264)

air temperature and tke value of k/f, are plotted against
time in flgure 6. Thus for any-time (determined by the number
of time incremerts) the directional point R can be deter-.
mined. Table X and figure 8 exhibit the time-heat flow re-
sulte through the heat meter obtained by the Schmidt method
shown 1n flgure 7. It would take 1.25 minutes for rate of
heat transfser through the heat meter to reach 5 percent of

the steady state value after the eirplane leveled off.

The ateady state rate of heat transfer 1s that rate
whlch would occur at each particular elevation 1f the plane
were to level off and fly at that elevatlion for an infinlte
time. PFrom figure 8 1t can be seen that the transient rate
of l.eat trensfer as measured by thLe heat meter is greater
thar the steady state rate of heat transfer. This obeserva-
tion can be exnlained as follows:

A greater amount of the heat gtorcd in that acction of
the heat meter nearast the decressins outside alr will flow
out of the komt rRetor than that stor+d in the saction of
the heat moter whick is8 farthost from the outside alr. Thus
the temnerature of the first sectlion will be decroasing at a
greatsr rate than that of the s:cord eaction, and since the
heat meter tlermoplls maasures the temperaturec diffsrcnce
between thesoe two sections within the heat metar, the tran-
siz2nt ratoc of hent transfeor as measurnd by the heat meter
will be groater than the steedy state value.

IIT. The Transient Behavior of a Feat Meter MKounted upon the
Ingide of an Insulated Cabin Wall of an Airplane 1in Flight

Tf o heat meter 1s attacked to an insulated cabin wall
of an airplane flying under the previously specifiled condl-
tiones (1llustrative example II1), now long must the airplane
fly at 27,750 feet in crder that the heat flow through the
heat meter Bs wlthin 5 vpercent of the steady state heat flow
when the heat metsr 1s mounted between the wall and insula<~
tion, ané when the heat meter is mounted at the insunlatlion-
cabin ailr interface?! The thermal circult consiets of an out-~
side unit thermal conductance, a cabin wall, a heat meter, a
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contact resistance, an insulation material, and an inside
unit thermal conductance as shown in flgure 9., The distrib-
uted resletance and capacitance of the heat meter 1s negligi-
ble compared to the large distributed resistance and capaci-
tance of the insulating material. Thue the keat meter very
nearly measvres a rate of heat transfer that would occur 1if
the heat meter were not 1in the thermel circuit. Since the
eystem contalns a relatively large distridbuted resistance and
capacltance of the lnsulating material, the analrytical method
of lunping the circuilt conestants becomes cumbersome, and the
Schzldt method of solution 1s unsed. The propertles of the
insulating material are:

[¢]
k = 0,025 Btu/hr £t° ¥%
Y = 5 1b/2t°

Thicknees = 0.5 1inech

0p = 0.40 Btn/1b °F
o = X =_09-930 _ 5 0125 £t%/nr
cp‘f 0.40X.5
Thermal Circuilt
Outelide air- Cabin air-
cabin wall Air gaps ~ heat meter
Interface intarface
reaisfance Insu%ation resistance
T’\fN—bv-v\-"—N\/J NTAIAANAAANMANA A SNV Ak
\ AR b i ! bl '
l | A B I
To l _L 5 L : I I S SR ERS NS SR N A _.‘_l ! ~ : T
I - (s n T T T T T T T T i T H
| l ! | 11- T- F I | } f
J | by I | ' | | ]
SR SRR N N B | A R A
I r I i "‘\.. o —— _.. __________ " ] '
N Y

~ ’

- Vg - _l —_
"l( \
Cabin wall Possible location of

heat meters
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The Schmidt solution (fig. 10) wae carried out as in the
previous case. The insulation was divided 1nto elght small
g#labe; Ax = 0.0052 foot amnd the time increment was

3
A8 = (0.0052)

2(0.0126)

and 12 and figure 11 exhliblt the time-heat flow history of
the heat meter mounted on the cabin wall as denoted abowe.
The tlues required for the heat flow into the insulating ma-
terial as measured by the heat meter from the cabin and the
heat flow out of the cabin wall into the outside alr to be
within 5 percent of the steady state heat flow value after
the plane nas levelsesd off, are tabulated below:

= 0.001085 hour or 0.065 minute, Tables 11

Heat flow into insulation Heat flow out of wall
(min) (min)
3.9 a4 .2

COICLUSIOKS

1. The analytical and graphical solutiones of the partic-
ular translent heat transfer problems presented in this re-

nort may be used as a guide in analyzing translent heat trans-
fer problems 1n general.

2, If a heat meter 1s used in a thermal system where any
of the quantltles such as Tz, T,, or f, vary in some un-

known manner with time so that 1t 1s lmpossibhle to obtaln

analytical or graphical eolutions, the heat transfer rates as
measured by the heat meter cannot be readily interpreted.

3. In the casse of a heat meter suddenly applied to a hot
surface of constant and uniform temperature, a heat meter
reading cannot be made until steady state obtains (when the
temperature 1s constant with time). The time required for
steady state to occur can be predlcted analytically or
graphically.

4, In the case of a heat meter mounted upon the cabin
wall of an alrplane and the temperature of the outelde air
decreasing linearly with time, analytical and graphical solu-
tlone reveal that large errore in determining rates of heat
transfer can be made by taking readings during the transient . -
and considering them as steady state. For the specific caseé
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presented in this report, the difference between the steady

state and transient heat transfer 1s directly proportional

. 4o the rate of change (a) of the ambient air temperature and
18 given by: T )

5) - (%) = -0.038 o
A steady state transient

6. For an alrplane cabin with an appreciable amount of
insulation the thermal circuit 1s difficult to solve by ana-
lyticel techniques presented because the mystem contalns rel-
atively large distriduted resistances and capacitances which
do not lend themselves to the analytical method of lumplng
circult constante. Tor those cases the Schmidt method can
be used. A knowledge of the thermal capacitances of the in.-
sulation may be obtalned experimentally (in flight) by using
heat meters l1n the thermal circuit; one could be placed on
the slde of the 1nsulatlion contliguous to the cabdin air, and
the other could be placed between the insulation and the
cabin wall. The amount of heat stored in the insulation may

be calculated from the difference 1n the two heat meter read-
ings.

University of Californla,
Berkeley, Calif., May 1944.
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APPERDIX A

'PEE SCHMIDT (GRAPHICAL) METHOD OF SOLUTION OF THE

OONDUOTION EQUATION FOR TRANSIENT UNIDIRECTIONAL H=AT FLOVW

Heat conduction probleme that are very difflcult to eolve
analytically may be solved graphically by the Schmlidt method.
The differentlal equation for unidirectlional heat flow 1n a
golld is

where t 1s the temperature at any point, 6 the time, =x
the dlstance from one face, and a the invariable thermal
diffuslivity of the slab. The graphlcal Integratlon of the
above partial differentlal equation ie accomplished by replac-
ing the differentlal quantlitles by small finite differences,
(See references 5, 6, and 7.) Let A8 represent a small bdbut
finite increment of time €, and let Ax represent a small
but finite lnorement of distance x. The distance increments
will be denoted by the subscriptes (n-1), n, (n+1), and so
forth, and the tlme increments wlill be denoted by the subdb-
scripts (m-1), m, (m+1), and so forth. Thus tn,m Will re-
fer to the tomperature of the slab at the distance nlAx from
the surface at the end of mAf time unlts. Thus the differ-
entlal quantlitles are represented in finlite difference form
as follows:

At - tn,(m+1) - tn,m
LY} Ag

The temmerature gradient after mA® time unlis between the

at®  ana (n+1)th increment 1s,
{{At\‘. = t(n+1)lm - tn'm
\Ax/4 Ax

The temperature adient after mA@ time unpits between the
(n-1)t2" and nt increment is,

Qé) _ fam - t(ne1),m
Ax/_ x
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The rate of change of the temperature gradlent at the center
of the nth layer 1is,

A%t = 5(n+1)m ¥ t(noa)m— Btam
Bx? Ax®

When the finite difference guantities are substituted into
the conduction equation, the followlng equation results:

th,(m+1) - Pn,m {t(n+1),m + YV (p-1),m - 2tnnn)

= 8 —
.Y \ Ax®

or

tn,(n+1) = Sn,m = ———5

2a A g |t + %
— l—___(.n.i__)_dn___.in__l_-ﬂl =1 -ty m]
£x= - 2 ’

If Ax and A8 eare so chosen that

22086 4,
Ax®

$(ner),m ¥ Y(n-1),m
2

tn,(m+1) =

The ahove egquation etates that the temperature of any dlstance
incremert at any time is equal to the arlithmetlc mean of the
two dlstance ircrements on elther side at the previous AS.

The distance increment 1s chosen on the basis of the in-
itial termperature distridbution. TFor sudden temperature
changes the distance increments should be chosen small enough

= go that the broken lines connecting the poirnts which repre-
sent the temperatures of the distance increments will not dif-
for too greatly from the continuous temperature digtribution
which would result 1f distance incremente become infinitely
emall., The corresponding time increment that satiefies the

~

equation, EEJ%;Q =1, 1is used.

I
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If the thermal system contains an air-slad interface
reslstance, a heat rate balance across the boundary must be
made so that the temperature at the surfece of the alab can
be determinad -

ammr Ll

.(%)F = -k [at\ = f(ta - T

\Ox/x=0

__a_D _ (tg - 7a)
ax=o

a)

or

Thue the slope of the temperature Aigtribution at the bound~
ary 1s equal to the difference in temperature between the
glad purface and the air temperature divided by the ratio

k/f. The ratio k/? may vary depending upon the variation
of £,

The sudden cooling of en infinite slab with an air-slabd
interface reslastance will be used to 1llustrate the Schmidt
construction. The temperature of the air T,, the thermal

conductlvity of the slad k, the thermal dilffusivity of the
slad &, and the unit thormal conductance due to convection
and radlation f are constant values, The inltial tempera-
ture of the slab 1s t;. In figure 12 the slab 1s divided

into dlstance increments Ax, If the directrix R, located
at ordinate T, and at a distance of k/f from the surface

of the slab, and the point O (initial temperature t3 at

the surfaco at @ = 0) are connected by a 1ine RO, the
temperature gradlent at the surface of the slad is equal %o
the slope of the line RO. The intersection of line RO

with a ilane at a distance %; from the surfape locates a

polint which may be consldered as belng on the temperature
curve, The following step consiste of connecting polnts =a
and 2 from which 1! 18 obtailned. Next, R1l' ie drawn,
and 2' 18 located by connecting pointe 1 and 3. Thus
the temperature distribution after one A4AB, ©', 1', 2', 3!,
4', and so forth, has been obtained. This procedure 1is - -
continued for each new AS.
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APPENDIX B

THE SOLUTION OF THE TRAUSIENT BEHAVIOR OF A HEAT METER

MQOUNIED UPON THRZ GABIN'OF AN AIRPLANE IN FLIGHT

The cabin air is maintained at e constant temperature
Ty, 6nd the heat me’jer, cabin wall, and outeide air are ini-
tially at thls temperaturs. It 1sg postulated that the temper-
aturo of the outside air drops linearly with time. 3y treat-
ing the wall and meter as lumped capaclitors and lumping the
thermnl resistance as degcrlibed on page 11, 1t 48 possible to
calculate the temperatures of the heat meter and wall as
functlions of time, It 48 also possidble to calcoulete the heat
flow from the cabin into the mater, from the meter to the wall,
and from the wall to the ontslde alr, For this case the heat
flow 1ndicated by the meter 1s oprroximately equal %o the
arithmetlcal avaraege of the heat flow as calculated into and

+
out of tho motor, or q, = EL_E_EE

The golution usling lunmped parametore 1s as follows;

4 rTeat balance on the moter ylelds:

T, - ¢ at t, - &
q_1 =.c o = Cm n + m ¥ (Bl)
R, a9 Bg
¥hile a heat balance on the wall ylelds:
t. - % ds t - T
=B ¥ -0 ¥, ¥ ___ 3 (32)
q.a w
Ra de B.r’
where .
tyw - T3
: s
Adding egquations (31) and (B2), gives:
Ty - & at dat by -~ T
e B Gy —2 40y —2+ ¥ 2 (83)

R 1 d$ d-e R7
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i
!

From equation (Bl) is obtained:

+ a R
ae 31
Differentiating (B4) with respect to @, glves:
D :
ity B, oy g 631 + By dtg (25)
ae a8 R, a8

Substituting (B4) and (§5) into (B3) gives upon rearrange-

ment:
3¢ Rg + R at
Cp Oy d o, [cm(-———__) + G, ( ] dtm
ae Rg R, R, de
+ (Rl tB, + B ) t, = _1___31_ + Ta__

Rl RB R'I B R'? RB R'?

= (Rl + Be * 37) Ty - L) (Be)
R, R, R, R, R,

This 1s the differential eguation for the Lheat meter
tempereture as a functlon of time. To slmplify this equation,

let

a = Gm c' (37)

Sp (Bg + B;)  Cw (B) + Bo)l(gg)

b =
Ry R, 31 Rg
R, + B, + R
c = ( 1 6 7) (39)
‘ R, B, B,

Then (B6) is rewritten as follows:

auﬂ+b.§i§.+ctm=(RL+Ea+R7)Tc_ o (B10)
dG dae Ry Rq B, R, R,?
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And let

and

n, = (B11)

e 2 6 + B, o (B13)

where A, and B; are integration constants dependent upon
the initlal conditions.

The particular solution 1s

o« R, 8 bmh(Rl Rg R,)

tg = Tg - + - ~ (B13)
B, + R, + R, (R1 + Rg + R,)
and the complete solutlion is
na e ng <] a R 2]
tm = Al e + 31 e + T, = - 1
E, + Rg + Eg

a2
(R + B4 + R,)

The 1nitlal conditione for determining 4, and 3B,

are that when & = O0; ¢tp = Ty 8%m = 0, PFrom equation
(B11) de

bo B,(R, R ,R,)

A: +31 =
(R, + Rqg + Rjp)

(B15)

And from the derivative of equation (Bl4):
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o B
ny &, + ng B, = — 1+ " (Bls)
1 (-] 7

L ] - e - e e = e

Solving equetions (B15) and (B16) for A, and B, gives:

i, = o B, [1 . b o (B RLRL)] }
(ng = ng)(R, + Ry + R,) (R, + B, + R.,)a

B, = o Ry F_+ bn, R; B; By ]
(ng - ng)(Ry + Rg + R,) (R, + R, + B,)"

And on substitutlon into equation (311l) the equation for
the temperature varlatlion with time of the heat meter 1s ob-
tained:

a R, 0 . b a B (R Be Rp)

R, + Bg + R, (R, + R4 + R,)®

a R, e
(ng = ng}(By + Rg + 2,)

ng 6
° [1,,1'&1‘11’33-,}
Ry + R4 + 31,

n, 6
. o B, o ¢ E_+ » n, B, R, R,

B, + B, + B,

] (B17)

(ng - ng)(R; + Bg + R,)

To obtain the equation for the temperature variation of
the wall of the alrplane a simlilar method is employed. The
differentlal equation 1g nearly the same -as before and 1is

3

: c
o Lty g dby oty = (31 + Ry + n,> T _ @, +E.)Jag Cma (B18)
ae® ae B, Rg R, B, B, R, R

?

where =&, b, and ¢ are the game as 1n equation (B6).
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The solutlon of the equation is then

B, +R_.) a
t, = A_ e"3 8, B, o4 o1 - (2, ] 9
v e Ry + Rg + By
0 a R_ R P o{RB. + R )R_ R_R
R Bl Whet - S bl | 6 31 67 (B1.9)
B, + R4 + 1, (B, + Rg + R,)
N at
The 1nitial condltions are, when 8 = 0; &, = Tg; ?rﬂ = 0
6

8o that from equatiosn (Blg)

C., oo B, R t «(R, + R_)R, R_ R
Ay + By = — 3 18 1 . 2T (320)
RI + E.a + Ry (31 + 35 + R';l)
and
- 7 R, + R
: P.._l +
This glves the equatlor for t, as:
b = T - (B, + Bglo g Cpa By By , Dal® + Rg)(R, R, B,)
v © E, +E,+ R, Ry + Rg + Ro (Ry + Rg + Bo)2
o (B, +R,) e ns & bn, R R, R, n, Cp R R
b o— Ll * 4 _ -4 m s]
(ny, = n)(B, + R; + E,) R, + Rg + R, R, + By
(R.+R) o™s° bn R R R n O, R B
(1]
+ 1 3 [1 . 318 "7 _ m J(Ba,)
(n, = 2 )(R, + B, + R,) E, + R, + R, R, + B,
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Thus far the equatlions for %,, the heat meter tcmper-
nture, and t, the cabin wall temperature have tsen obtoirai.

[ - g . - e .
To calculats the heat flow as rsad by the heat meter it is
necessary to obtain q, and q,, or the Liezt flow into and
out of the meter. Prom squationa (Bl) anz (B2):
T. - &
q, = =——=F (B1)
Ry
and
tm = by
Q = —— (B2)
Be
From equations (Bl) and (317)
s
[ baR, B_R, a e
g, = - -
' R, +Rg +R, (Ry + Rg+R-)> (nz~-ng)(Ry + Rg+ Ry )
bn, R, R, R el € b n,R, B, R
[1+ sty g Ry ] - o [ 1+ =21 R 7]
‘B, + Rg + R, (ng - ng){Ry + Ry + Ryp) Ry + Rg + By

(R23)

a~d “ror eguations (B2) and (B14) and (B19):
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q. = - o B 6 b (B +B)ap _baB (R 21:3,)5
% Be(By + By + RBy) Rg(R, + By + R,) Bg(R, + Bg + B;)

+ o Ry ol ®
Bg(Ry + Bg + B, )" By +Rg + By Bg(ng = ng)(Ry + RetRy)

bn, By Rg n,] . a (Ry + Bg) eB3 B "[1 , _ B Be B ]
R, + B, + B, Relny - ngX(Ry + RBg + Ryp)- Ry + BRg + By
By 6 B O
+ % Op 3 © 2 + 2 ®

(a, - n,)(R, + B, + R,) R,(n, ~n,)(R, + B, + R,)

n
[1 . _buz By By R,']_ @ (R, + R,) o2¢ 8
B, + Ry, + R, Rg(ngy - ny)(R; + Eg + Ry)

[1 + 203 By Rg Ry, my Op By n&] (B24)
R, + R4 + R, Ry + Rg

which reduces to:

. o B b o Rl 3.6 R., + cm [+ 21
- . )
R, +R;, + R, (31 + R6 + Rv) B, + B, + R,

4z =

ny @
- a e [1 22 B BB g g n‘]
(n, - ny)(B, + R, + R,) R, +B, + B,
n, 6 ;
e 4
- = — [1 + 222 By R By oo m, n,] (B25)
(ny, - n)(B, + By + R,) R, + B, + B

and alnce
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qm.q!-qa

3
dg = a 8 _b“ﬂnenva_*_ Cp @ By
B, + Rg + B, (By + Bg + Rq) 2(Ry + Bg + R)
o o83 & bn, R, B, B G, By
- [1 + —DB4 "1 "6 77 'm 73 34]
o o+ @ bn, R, R, R o, R
- [1 b 283 1 Be By Op %y n;]
(ng = ns)(Fq + Bg + R-,) Ry + Rg + Ry 2

(B2s)
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APPENDIX O

. A dlstributed resistance and cepacitance in a thermal
gsystem can be 1deallized so that the diestributed reslstance
may be combined into one or more reslstors, and the dlstridb-
uted capacitanco may be combined into one or more capacltors,
This technique of combining the distributed resletance and

capacitance wlll yleld a system containing lumped circult
paraneters.

— ml\r__ Distributed resistance
and crpacltance
TTTITIITT

( a)
—ASAN rI/\/\/\Nw-—»/\N-\/\P————

—t—

Inmped resistances and
- capacltances

(v)
A VAVAVAVAV s VAV AV AN

(c)

For instance, dlagrams b and ¢ are examnles of elements which
have been obtained by lumping the distributed reslestance and
capacltance of element a. The degree to which dlagram a
would be simplified (b or e¢) would depsnd upon the elements
of the complete system and upon the accuracy desired.
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FROPERTIES OF ELEMENTS IN THE THERMAL SYSTEM FOR CGASE 1

| Thermal - - ., Wei t
Condustivity, el.pncl Donli.
Btu/hr r#gr/rt) 1bs . Thiokness,ft
Alr
0.018 ¥op ¥0 0.000755
Gap
Heat
0.13 0.36 09.3 0.004
Heter
~ (£, + £,) = 2.0 Btw/hr £12 OF wt steady stabe
TABLE IX
Results of Analytioal S8olution
(Bq. 6, Fig. 1)
.
Time ~N Beat Meter
Temperature
ninutes oy
\V

) 78

0.26 95.5

0.50 105.7

0.78 111.8

1,00 115.1

1.50 118.3

2.00 119.4

oo 119.9

PARLE IIT

Results of Graphiocal Schmidt Solution

(rig. 2)
Time Feat Meter
Temperature
mimtes oy
0 78
04 80
+10 86.6
«22 94
33 100.4
-] 108.4
91 114.2
1.37 117
1.60 117.5
1.94 118
2,17 18,2
o0 119.9

31
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Analytical Time-Heat Flow History of a Heat Meter
Placed upon a Hot Surface, Soe Fig. 3

(Equation 7, Pagell)

Time O q
Min, U oo
Btu/hr £t2
0 0 0
0,01 1.50 124
0.02 2,50 207
0,03 3.16 262
0.05 3.84 318
0.07 4,08 338
0.10 4,08 338
0.15 3.80 315
0.20 3.48 288
0,25 3.12 258
0.30 2.92 242
0.50 2.15 178
0,70 1.68 139
1.00 1,32 109
1.50 1,09 90
TABLE V
Graphical Results by the Schmidt Method
of the Heat Flow-Time History of
a Heat Meter Suddenly Placed upon a Hot Surface
(see Figs, 2 and 3)
Time t .. -t qQu/A
Min. of o t'°Fz Btu/hr f£t2
o] 78,0 78.0 0.0 o]
,0072 78.4 78,0 0.4 39,0
0144 79.5 78,0 1.5 146.0
.0216 80.8 78.4 2.4 234.0
.0288 81,9 79.0 2,9 283.0
0360 82.8 79.6 3.2 312.0
0432 83.7 80.2 3.5 342.0
»Q720 86,6 82,9 3.7 361.0
«1008 89.0 85.6 3.4 332.0
.1296 91,1 87.9 3.2 312.0
.1584 93.2 90.1 3.1 302.0
+1876 95.0 92.1 2.9 283.0
.2164 98.7 94,0 2.7 264.0
.2452 98.4 95,8 2.6 254.,0
2740 99.9 97.4 2.5 244.0
»3028 101.1 98,8 2.3 224,0
#3316 102,5 100.3 2.2 214.0
447 106.8 104.8 1.8 176,0
.562 110.0 108.4 1.6 156.0
.677 112,3 111.0 1.3 127.0
.792 114.0 112.9 1.1 107.0
.907 116.2 114.1 1.1 107.0
1.022 116.1 115,1 1.0 97.6
1,366 117.8 116,59 0.9 87.8
oQ 120.75 119.9 0.85 82.8
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Proporties of the Atmosphere

Elev. Time of Flight Air Air Density,f Air Press.

£, minutes Temp. 1b/Pt3 1b/in® abs.
0 0 60 0.0765 4.7
3000 1,00 48.3 0.0700 13.17
5000 1.67 41.2 0.0659 12.23
10,000 3,33 23.3 0.0565 10.11
12,000 4,00 16.2 0.0530 9,86
15,000 5.00 < 5.61 0.0481 8,29
20,000 6.66 -12.3 0.0408 6.75
22,000 7.33 -19.5 0.0281 6,20
25,000 8.33 -30.2 0.0343 5.45
30,000 10.00 -48.0 0.,0286 4,38
35,000 11.67 -85.8 0.0237 3.46
40,000 13.32 -67.0 0.0234 2.72

TABLE VII

The evaluation of £, as & function of altitude and time

sl ol O R T RO P e - 5,
fect min, | OF °r rt/aec | 10/1¢° \75775, hr T OF
o 0 80 520 146 | .0766 4.82 8.53 20.0 0.0041
3000 1 48.5 | 508.4 146 | .0702 4.60 6.50 18.65 0.00443
6000 2 37.6 | 497.5 146 | .0641 - 4,19 8,48 17.6 0.00471
12000 4 16 476 146 | .0B32 3.80 .35 14.6 0.00565
18000 s ~6.5 | 454.6 148 | 0436 3.08 6.30 12.26 0.00873
24000 8 -27.0 | 433 146 | .0350 2.58 6.80 10.2 © 0.00818
50000 10 -48.0 | 412 146 | .0284 2.18 6.10 8.49 0.00971
f, = 0.8¢ T0.3 (En_‘é‘__) 0.80 equation (8)
£, on cutside is neglected compared to f 10.26

TABLE VIII
PRGPERTIES OF THE SYSTEM FOR CASE II

slement k o thickness op
Btuhr 142 5 £t 1b/1t3 Btu/°F 1b

heat meter 0.0824 0.004 (1.43)(62.4) = 89.3 0,36

air gap 0.016 - 0,000 633 ¥cp¥o

aluminum

cabin wall 116 0,00267 185 - 0.21
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Analytical Results cf the Heat Flow-Time

TABLE IX

34

History of a Heat Meter Mounted upon the Inside of the C!bin Wall of an Airplane in Flight
(Bquation 34, Figure 3)

e ® —;—"- :t“
hours minutes
0 [¢] [¢]
.008 0.3 5.56
.01 0.6 13.3
015 0.9 20.6
02 1.2 26.2
.03 1.8 36.1
.04 2.4 44.0
05 5.0 61.0
.078 4.5 66.5
.10 6.0 81.0
.128 7.6 95.0
.18 9.0 109.0

TABLE X

® ® e
hours minutes
0.155 9.3 111.7
«157 9.42 111.1
.160 9.6 108.3
162 9.72 106.3
.165 9.9 103.5
.170 10.2 99.5
.175 10.5 96.5
.188 11.1 9é.4
.195 11.7 90,1
« 205 12.3 88.8
«23§ 14.1 87.45
«255 15.3 87.09

The Heat Flow-Time History of a Heat Meter

Mounted upon the Inside of the Cabin Wall of an Airplane in Flight

by the Schmidt Method

o t, t €y =ty a
hrs o op °r ?t-u/hr ££2
0 60.0 60,0 0 0
.00303 60.0 59.86 0.15 9.2
.00606 59.2 59.0 0.20 12.3
.00909 58,30 58.0 0.30 18.4
.01212 57.0 66.6 0.40 24.6
.01516 55.8 55.25 0.56 35,7
.303 48.3 47.8 0.70 42,9
.0485 38.45 37.8 0.86 52,1
0606 31.85 30.9 0.95 58,3
0909 15.2 14.0 1.20 73.6
1212 -0.8 -2.2 1.40 85.8
1545 -17.6 ~19.25 1.65 101.2
.1575 -10.0 -20.7 1.70 104.0
.161 -20.1 -21.7 1.60 98,0
.1635 -21.0 -22.55 1.55 95,0
.1665 -21.78 -23.25 1.50 91.9 ~
.170 -22.385 -23.80 1.45 88.9
173 -22.80 -24.2 1.45 88.9
) ~25.20 ~26.55 1.35 83,0
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Results by the Schmidt Method of Heat Transfer out of the Composite Cabin Wall

Results by the Schmidt Method of Heat Transfer into the Composite Cabin Wall

Into the Outside Air as Measured by the Heat Metar

TABLE XI

As a Function of Time

o A
Min, Btu/hr £t2
o] [+]

065 3.85

130 5.77
195 7.70
455 9.62
.715 14.42
«976 17.30
1.235 21.1
1,495 22,1
1,768 28.55
2.275 29,3
2,795 32.2
3.315 35.1
4,365 39.4
5,395 43,25
6.435 48,1
7.475 53.4
8.515 55,8
9,295 58.2
9.565 52.9
9.815 60,5
10,075 47.6
10.335 45.7
11.895 40.4
oo 36.1

TABLE XII

From the Cabin as Measured by the Heat Meter

As a Function of Time

u
i X
Min. Btu/hr rt2
0 0
.065 0
130 )
.195 0
.455 )
715 0
.975 0
1,235 0.48
1.495 0.48
1,755 1.44
2,275 1.92
2,795 2.885
3.315 3.85
4.355 7.69
6.395 11,05
5.435 14.90
7.475 18.25
8.515 23.10
9.295 25,97
9.555 26.45
9.815 27.40
10.075 28.35
10.335 29.30
10.595 30,3
10.856 31.3
11.115 31,7
11,375 32.2
11.635 33.2
11,895 33.2
fore] 35.6
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Figure l.- Time-temperature history of heat meter
suddenly placed on a hot surface.
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Figure 2.- The Schmidt solution of a heat meter suddenly placed upon a hot surface.
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Transient heat flow through
100___the heat meter when the heat N
" meter is mounted wpon the \§¥ :
cabin wall --_ |
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b "~ Realt £1ow through the wall without
} ' the heat meter if a steady state is
m reached at each elevaticn
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39 at each elevation
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Figure 4.~ The analytical solution of the time-heat flow history of a heat meter mounted

on the inside of the cabin wall of an airplane in flight.
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F1gure 5.~ The outside thermal conductance due to forced convection on the cabin
wall as a function of time,
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Figure 7.- The Schmidt solution for a heat meter mounted on the inside of an uninsulated cabin wall of an airplane in flight.
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Figure 8.- The time-heat flow history of a2 heat meter mounted on the inside of the cabin
wall of ar airplane in flight,.
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v, varies linearly
wfth time from
60 OF to -40 ©OF

fc outside

Fig. 9
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Figure 9.- The thermal circuit of fhe”hea.t meter' plac'éd‘.wﬁpbn an

(composite) cabin wall.
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Figure 10.- The Schmidt solution of g heat meter mounted upon the insulated cabin wall of an airplane in flight.
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Figure 1ll.~ Schmidt solution of the time-heat flow history of e heat mcter mounted on the com-
posite cabin wall of an airplane in flight.
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Fig. 12
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Figure 12.- The sudden cooling of an infinite slab with an air-slab inter-

face resistance.



